ABSTRACT: We develop a new strategy to prepare quantum dot (QD) barcode particles by polymerizing double-emulsion droplets prepared in capillary microfluidic devices. The resultant barcode particles are composed of stable QD-tagged core particles surrounded by hydrogel shells. These particles exhibit uniform spectral characteristics and excellent coding capability, as confirmed by photoluminescence analyses. By using double-emulsion droplets with two inner droplets of distinct phases as templates, we have also fabricated anisotropic magnetic barcode particles with two separate cores or with a Janus core. These particles enable optical encoding and magnetic separation, thus making them excellent functional barcode particles in biomedical applications.
T he increasing use of high-throughput assays in biomedical applications, including drug discovery and clinical diagnostics, 1, 2 demands effective strategies for multiplexing. One promising strategy is to use barcode particles, which encode information about their specific compositions and enable simple identification. Many encoding strategies have been proposed for these barcode particles, including incorporation of segmented nanorods 3 and photopatterning 4À6 as well as the use of photonic crystals, 7, 8 fluorescent silica colloids, 9 and semiconductor quantum dots (QDs). 10À16 In particular, semiconductor QDs hold immense promise as barcode elements because of their excellent optical properties, such as minimal spectral width and remarkable photostability. In addition, by mixing QDs with different emission wavelengths at different concentrations, significantly larger combinations can be interrogated with a single excitation wavelength. To generate barcodes, QDs can be incorporated into the particles before their polymerization or during their swelling, 10, 14 The QDs can also be applied as a coating on the surface of the particles. 11, 12 However, QD barcodes generated by this approach often suffer from leakage of QDs; this significantly affects the performance and stability of the barcode particles. In addition, traditional processes used for generating such particles provide little control over the characteristics of the result particles, such as particle sizes and number and distribution of QDs within each particles; thus, the resultant QD barcodes often have high variability of fluorescence intensities.
13À16 This is exacerbated by the uncontrolled motion of these barcode particles, which reduces the sensitivity of the assay 6 and demands more complicated procedures for enriching the barcode particles during assay. 17 These, together with the debatable biocompatibility of such particles, have limited their applications. 16 Thus, novel approaches for generating functional QD barcode particles are still needed.
Due to the ability to control the structures of the final emulsion, microfluidic techniques have emerged as a promising and versatile technique for generating monodisperse emulsion droplets. These have been applied to fabricate microgels, polymeric particles, compounds, and composite particles by using microfluidic emulsion droplets as templates. 18À23 These droplets have been prepared in typical lithography-based and capillary microfluidic devices. While lithography-based devices offer great potential for scaling up the production, capillary microfluidic techniques have demonstrated robustness in forming multiple emulsions for generating novel materials with the functions of encapsulation, confinement of microreactions, and sensing.
24À30
However, these approaches have not been applied to prepare barcode particles. By using multiple emulsions as particle templates, barcode elements, such as QDs, can be immobilized in structures templated by the emulsions and applied to solvents in which the elements are normally unstable. Due to the immobilization and enclosure by the shell layers of the emulsions, leakage of the barcode elements can be prevented. Moreover, by encapsulating additional functional elements in the emulsion templates, barcode particles with distinct functions, such as controllable movement and improved sensitivity, can be achieved.
In this paper, we describe a simple approach for generating barcode particles using capillary microfluidics. The prepared barcode particles are composed of QD-tagged resin cores and hydrogel shells. These barcodes have highly stable and uniform spectral characteristics and are biocompatible. By using double emulsions with multiple inner droplet phases, we have also fabricated anisotropic magnetic barcode particles with excellent control over their rotation and aggregation under different magnetic fields; this will significantly simplify the processing of particle-based assays. These features make the barcode particles described here ideal for biomedical applications.
In a typical experiment, a capillary microfluidic double-emulsion device is assembled by aligning two cylindrical capillaries coaxially inside a square capillary. 24 By combining the co-flow and flow-focusing geometries, the device can be used for generating monodisperse oil-in-water-in-oil (O/W/O) double emulsions, as shown in Figure 1a . The inner oil phase is pumped through one tapered round capillary, while the middle aqueous phase flows through the region between the inner round capillary and the outer square capillary in the same direction. The inner oil droplets form by dripping from the tip of the inner round capillary in the co-flow geometry. The outer oil phase flows, in the opposite direction, through the region between the other round capillary, often known as the collection capillary, and the outer square capillary and hydrodynamically focuses the middle phase containing the innermost droplets; the resultant jet breaks up into monodisperse O/W/O double-emulsion drops at the orifice of the collection capillary.
In this work, the inner-most oil phase consists of QDs and silica colloidal nanoparticles dispersed in ethoxylated trimethylolpropane triacrylate (ETPTA); the silica colloidal nanoparticles are added to the inner ETPTA phase to prevent aggregation of the QDs and maintain a uniform distribution of the QDs in the ETPTA cores. The middle aqueous phase is made up of a poly-(ethylene glycol) diacrylate (PEG-DA) solution with 0.25% w/w sodium dodecyl sulfate (SDS) and 0.25% w/w ethyleneoxide propyleneoxide triblock copolymer (Pluronic F108) for stabilizing the double emulsions. The outer oil phase is hexadecane with 2.5 wt % of ABIL EM 90 surfactant. Under these optimal conditions, double emulsions can be fabricated and, by adjusting the flow rates, can be made with sizes ranging from tens to hundreds of micrometers. With these O/W/O double emulsions as templates, the hydrophobic QDs are completely encapsulated in the innermost resin droplets surrounded by the middle aqueous shells; thus, leakage of the QDs can be prevented. By photopolymerizing the double-emulsion templates with UV illumination, monodisperse barcode particles with QD-tagged ETPTA resin cores and PEG hydrogel shells are generated, as shown in Figure 1b . The polymerized QD-containing particles are highly stable and can be washed, dried, and redispersed into water without damage. The PEG hydrogel shells of the particles are also stable and do not show any observable volume change under neutral or near-neutral pH. Although the shells are permeable to aqueous solutions or some biomolecules, the QDs are locked firmly inside the cores due to the formation of the rigid ETPTA structure after polymerization.
These particles have many attributes that will make them excellent as barcode particles. This application requires the particles to have many optically distinguishable properties. Here, the QDs are uniformly dispersed in the core of the particles, as confirmed by the uniform fluorescence intensity over the particles shown in Figure 2 . Based on the photoluminescence (PL) spectra of the QDs encapsulated, the barcode particles prepared can be easily distinguished by their PL intensities and wavelengths under a single excitation light. In our experiment, the inner ETPTA phases contain different types and concentrations of QDs. The PL intensity of our barcode particles increases with the concentration of QDs in the ETPTA resin, as demonstrated by the plot in Figure S1 . Since the concentration of QDs that can be encapsulated into the particle cores is very high (5 mg/mL in this case), a wide range of barcode PL intensities can be achieved. Due to the low polydispersity of the barcode cores (about 2%), the uniform distribution of QDs, and the relatively large number of QDs in each particle, the PL intensities of the barcode particles have very low standard deviations of less than 3.5%, as shown in Figure 3a . These results indicate that more than 30 intensity levels can be achieved with a given color of QDs for the barcodes generation; this is higher than previously reported values using QDs for multiplexing. 10, 16 The PL intensity levels of our barcode particles could be further increased by using much higher concentrations of QDs in the ETPTA resin for the particles fabrication. Additional coding can be achieved by using multiple types of QDs with different wavelengths.
To demonstrate the ability to distinguish PL from QDs with different wavelengths, we encapsulated two different types of QDs at varying ratios in the same particles. The peaks at different wavelengths in the PL spectrum can be distinguished clearly, as shown in Figure 3b . In our experiments, the barcodes are read out by using a microscope equipped with a fiber-optic spectrometer at a single UV excitation wavelength; for larger numbers of decoding levels, the process can be sped up using an automatic decoding machine. Theoretically, with N intensity levels with M colors, (N M À 1) unique codes can be generated. Therefore, a total of 899 different codes can be generated by using two types of QDs with 30 intensity levels (that is, N = 30 and M = 2) for each type of QDs. In practice, it is realistic to use three or four types of QDs with 30 intensity levels each, yielding 27 000À810 000 recognizable codes with a single excitation laser. These indicate the excellent capability of this encoding strategy in our barcode particles. Moreover, in our barcode particles, biomolecules can be immobilized in the shell layer for assays and reactions. Since the QDs are locked inside the solid resin and the QD-containing cores are surrounded by biocompatible PEG hydrogel shells, the biomolecules would not come into direct contact with the QDs, which can be toxic to them. Therefore, assays using our barcode particles for multiplexing could be applied to a much wider range of biomolecules.
To impart additional functionality to the barcode particles, we have also generated particles with more complex internal structures by using a capillary microfluidic device that enables separate injection of multiple inner phases, 31, 32 as shown in Figure 4 . For instance, magnetically anisotropic barcode particles can be fabricated by flowing QD-tagged ETPTA in one inner channel and ferric-oxide-containing ETPTA in the other inner channel. By tuning the flow rates and the composition of the phases, double-emulsion templates with two separate inner droplets ( Figure 4a ) and a single Janus droplet (Figure 4c ) of QD-and ferric-oxide-containing ETPTA can be generated in the same microfluidic device. By using appropriate surfactants (SDS and Pluronic F108 in this case) in the middle aqueous phase, the inner droplets formed can remain highly stable without coalescence with each other (Figure 4a) . Thus, the generation process of the double-emulsion templates with separate inner droplets can remain stable for a long time (Movie S1). Nevertheless, we can switch from having two separate inner droplets to having a single Janus inner droplet by turning the middle phase off temporarily. When the flow of the middle phase is stopped, the two inner ETPTA phases coalesce to form a single jet that has a Janus structure in the continuous phase (Figure 4b ). When the flow of the middle phase is switched on again, the Janus jet is sheared into Janus inner droplets, which contain QD-tagged and ferric-oxide tagged ETPTA on the two faces (Figure 4c ). Surprisingly, this generation mode can also remain stable (Movie S2). By turning the inner ETPTA phase off momentarily, we can also switch from having Janus cores back to having two separate cores. By stopping the flow of the innermost phases briefly, we form single droplets of the middle phase in the continuous phase (Figure 4d ). When the flows of the inner phases are switched on again, two distinct types of inner droplets are formed again. In the presence of surfactants in the middle phase, coalescence between the two types of inner droplets is avoided, thus forming doubleemulsion drops with two separate inner droplets, as shown in Figure 4a . The ability to change the structures of the emulsions simply by switching the flow on and off sequentially in the microfluidic device allows flexible on-demand generation of double-emulsion templates with desired structures.
With UV polymerization of the double-emulsion templates, we have generated barcode particles with two separate cores or a single Janus core consisting of a face of QD-tagged ETPTA and another face of magnetic-tagged ETPTA, as shown in Figure 5 . By simply adjusting the flow rates of the two inner phases separately, we also form barcode particles with higher numbers of inner droplets, as shown in Figure S2 . The QD-tagged ETPTA cores can be used for multiplexing, while the magnetic ETPTA cores allow controlled actuation of the particles by tuning the surrounding magnetic field. Since the QDs and ferric oxide nanoparticles in the barcode particles are separated, the fluorescence intensity of the QDs will not be attenuated by optical absorption of photons due to the ferric oxide nanoparticles; 15 thus, the stability of the coding PL intensities of the particles can be maintained. In addition, due to the anisotropic distribution of ferric oxide in the barcode particles, the particles rotate under a rotating magnetic field (Movie S3) and can be pulled to the side of a vial using a permanent magnet (as shown in Figure S3 ). This not only increases the sensitivity of the barcode particles (as shown in Figure S4 ) but also enables simple capture and enrichment of the barcode particles in bioassays, although the sensitivity toward binding of biomolecules may also depend on the size of the barcode particles. Therefore, our barcode particles have great potential for use in high-throughput bioassays that require barcode particles with high sensitivity and controllable motion. In conclusion, we have developed a new approach to prepare barcode particles by encapsulating QDs in double-emulsion templates generated in capillary microfluidic devices. The resultant particles exhibit uniform spectral characteristics and allow substantial numbers of coding levels for multiplexing. Moreover, the approach also enables fabrication of anisotropic magnetic barcode particles, which rotate under a rotating magnetic field and aggregate under a stationary magnetic field. These create new opportunities to perform magnetic separation of the barcode particles. The unique features of our QD-containing barcode particles make them highly promising as microcarriers in biomedical applications, including high-throughput bioassays and cell culture research where multiplexing is needed.
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